and medical treatment in patients with smaller hematomas and surgical evacuation with open craniotomy in those with large hemorrhages or in those with progressive mass effect judged to have a favorable prognosis if the mass effect were eliminated. 12, 58 Ventricular drainage of CSF is often performed to treat acute hydrocephalus associated with IVH. 26, 27 The effect of open surgical evacuation of an ICH has been the subject of a number of reports in the literature including a recent large multicenter randomized trial. 43 The results of this STICH trial demonstrated that there was no overall difference in outcome between surgical versus nonsurgical treatment. However, subgroup analysis has indicated that patients with more peripherally located lobar-type hemorrhages might benefit from early surgical evacuation. 44 Direct open surgical evacuation of an ICH can be associated with poor patient stability, additional brain injury, and frequent rebleeding during the postoperative period. 32, 49 The concept of minimally invasive evacuation of an ICH has a good rationale with the goal of reducing hemorrhage volume and mass effect enough to hasten and improve recovery. Since the advent of stereotactic localization in neurosurgery, the concept of precision-guided minimally invasive aspiration or evacuation of an ICH using a variety of approaches has been tested and reported in a number of case series. 5, 6, 28, 31, 39, 45, 53, 60 These approaches have included minimally invasive surgical techniques using mechanical clot disruption or endoscopic removal as well as the injection of thrombolytics for clot dissolution. Data from human studies and animal models have demonstrated that the injection of thrombolytics and catheter drainage can substantially reduce blood clot size and the area of brain tissue in direct contact with blood, resulting in patient stability, decreased tissue injury, and minimal bleeding and infection risks. 6, 39, 53, 65, 66 These studies have also indicated that it can take several days to significantly reduce mass effect from an ICH by using thrombolytics and catheter drainage.
The impact of ultrasound in substantially increasing the effectiveness of thrombolytic substances on blood clot dissolution has been studied in vitro 10, 21, 38 but only recently has been applied to clinical medicine. Sonothrombolysis has been used to increase the efficacy of blood clot removal from arteries and veins by applying a catheterbased approach to directly apply ultrasound and thrombolytic substances to intravascular blood clots. 1, 55, 67, 70 Ultrasound has also been delivered from an external source using transcranial Doppler ultrasound to successfully increase the rate of rt-PA-induced recanalization of the middle cerebral artery in acute stroke. 2, 3, 20, 48 We report the first use of locally delivered ultrasound with thrombolytic agents through a microcatheter stereotactically inserted directly into spontaneous ICHs in humans to facilitate accelerated evacuation of a hemorrhage.
Methods
Thirty-three patients with ICH presenting to the Swedish Medical Center Cherry Hill campus were screened between November 21, 2008, and July 13, 2009, for entry into our study, referred to as the "SLEUTH study." Entry criteria included the spontaneous onset of an intracranial hemorrhage > 25 ml and/or an IVH producing ventricular obstruction (third or fourth ventricular clot with hydrocephalus requiring drainage) and patient availability for treatment within 72 hours of the initial diagnostic CT. Other entry criteria consisted of systolic blood pressure < 200 mm Hg for 6 hours before entry, historical modified Rankin score of 0 or 1, and an age of 18-85 years. Exclusion criteria were an ICH meeting the standard criteria for surgical removal, an infratentorial hemorrhage, vascular lesions (including aneurysms or vascular malformations), irreversibly impaired brainstem function, uncorrectable coagulation disorders, evidence of external or internal bleeding, pregnancy, and enrollment in another study.
Nine patients who met the entry criteria consented to participate and were entered into our trial to evaluate the safety and efficacy of ICH removal using a combination of rt-PA and 24 hours of continuous ultrasound delivered directly into an ICH via a stereotactically delivered microcatheter with an ultrasound-emitting element on the tip. This catheter was designed for intraarterial thrombolysis (MicroSonic SV microcatheter, EKOS Corp.). 36 The distal catheter tip emits ultrasound at a frequency of 2 MHz and 0.45 W. The ultrasound intensity falls off rapidly as the distance from the catheter tip increases. Since the transducer is an unfocused acoustic source, the acoustic intensity decreases by 1/r 2 in the immediate vicinity of the transducer and 1/r 3 at a distance of several millimeters. It is presumed from in vitro studies (unpublished data, EKOS Corp.) that there is still an acceleration of lysis at least 3-4 cm from the ultrasound element. The catheter is connected to a bedside controlling unit. The device was programmed to adjust intensity if the temperature at the catheter tip exceeded 42°C. The Western Institutional Review Board approved this study, and approval was in part based on safety data from animal studies as well as data collected from patients in whom the same catheter was used in the middle cerebral artery for up to several hours for the lysis of intraarterial thrombus (unpublished data, EKOS Corp.). All patients or their next of kin gave informed consent to participate in the trial.
The patients consisted of 6 males and 3 females. Their ages ranged from 38 to 83 years, with an average age of 63 years. They were all examined with CT, and 6 patients underwent CT angiography to rule out vascular lesions as a cause of ICH. Hemorrhages were predominantly intraventricular in 3 of the patients and were primary intraparenchymal hemorrhages in the other 6. All baseline and sequential CT scans were characterized using the modified Graeb Scale to measure IVHs and the modified ellipsoid volume or "(A × B × C)/2" method to measure the volume of intraparenchymal hemorrhages.
14 Subsequent data analysis of hemorrhage volumes and the effect of treatment was performed at a centralized reading center set up to manage data from the CLEAR and MISTIE studies, utilizing image analysis software that allowed for heterogeneous volumetric analysis of hemorrhages during dissolution using features to define regions of interest.
Patient characteristics and hemorrhage locations are listed in Table 1 . Patients were stabilized in the neurosurgical ICU and were treated in accordance with published guidelines on the management of spontaneous ICH. 12, 57 Repeat CT scans were obtained within 24 hours of admission in all patients to establish the stability of the hemorrhage and to confirm that no active bleeding or expansion of the hematoma was occurring prior to treatment. Such a stability CT scan was compared with the initial diagnostic CT scan to determine if the hemorrhage continued to expand more than 5 ml or was stable. Of the 33 patients evaluated, 24 were excluded for the following reasons: age, size of the hematoma < 25 ml, coagulopathy, vascular lesions, failure to consent, or continued bleeding.
Comparisons were also performed between our results and the hemorrhage clearance rates in previous studies (D. Hanley, MISTIE and CLEAR studies) conducted at Johns Hopkins with identical protocols for rt-PA lysis and catheter drainage of IVH and ICH but without the use of ultrasound. The studies of intraparenchymal hemorrhage (ICH) lysis are designated "MISTIE" in this paper, and the study of IVH lysis is designated "CLEAR." Relative to a study-defined baseline CT scan (obtained after catheter placement, before treatment), the percent of ICH or IVH volume remaining and the number of days of observation were calculated for each CT scan obtained during and subsequent to treatment. For MISTIE and SLEUTH ICHs, the baseline CT was the postoperative one obtained after catheter placement. The baseline CT for SLEUTH IVHs was the CT scan obtained after catheter placement and before the first active dose of rt-PA. For CLEAR IVHs, the baseline CT was the one obtained before the first dose of rt-PA, and the baseline volume was interpolated using the volumes from CT scans obtained directly before and after the time of the first dose. For each CT study, the percent of hemorrhage cleared per day was estimated using marginal models with robust standard errors adjusting for per-person clustering. The models were fit using an offset of 100% volume because the data were standardized to a baseline volume.
Surgical Technique for Device and Catheter Insertion
All patients were taken to an operating room, and general anesthesia was induced. Patients were registered based on CT parameters for the stereotactic placement of catheters by using the Medtronic Stealth electromagnetic navigation system. An entry point for the bur hole and a target point in the hemorrhage for the catheter tips were chosen. The Stealth guidance system was used to place a 12 Fr peel-away introducer through the bur hole into the desired location in the hemorrhage to accommodate placement of the MicroSonic SV microcatheter alongside the external ventricular drainage catheter (Fig. 1) . The ventricular catheter was inserted into the peel-away introducer alongside the microcatheter, and the position was confirmed with neuronavigation. The two catheters were then tunneled out through a separate stab wound in the skin and secured. A portable CT study was performed on completion of the procedure to confirm acceptable catheter placement.
Targets for catheter placement were chosen to be most centrally located in the hemorrhage to allow the treatment zone to be central to the largest portion of the hemorrhage for maximum efficacy and for minimizing the rebleeding risk. It was permissible to have a previously placed (prior to study enrollment) external ventricular drain for the relief of acute hydrocephalus in the patients with IVH.
Sonothrombolysis Treatment Protocol
A postoperative stability CT scan was obtained 3 hours after catheter placement to confirm the absence of any additional bleeding before the treatment with ultrasound and thrombolytic substances was begun. At the initiation of treatment, rt-PA was injected into the ICH, and the catheter was flushed and clamped for 1 hour and then opened to closed drainage at 10 cm below the lesion. Based on previous dose escalation data, 1 mg of rt-PA was injected into patients with IVHs and 0.3 mg of rt-PA was injected into patients with intraparenchymal hemorrhages. Injections were repeated at 8 and 16 hours after the initial injections for a total of 3 doses over 24 hours. The ultrasound was turned on at the time of the first injection and was delivered at the catheter tip continuously for 24 hours. Portable CT scanning was performed at 1, 2, 4, 7, 15, and 23 hours after the initial injection and commencement of ultrasound delivery to detect any rebleeding, to measure the effect on hemorrhage size, and to assess other CT parameters including catheter location.
Results
All patients had significant reductions in the size of the treated hemorrhage as determined by a volumetric analysis comparison of the hemorrhage size prior to and after treatment (Figs. 2-5) . The ultrasound catheter broke in the patient in Case 6 when she was being moved from a CT scanner during treatment, and therefore, the results of the hemorrhage reduction were excluded from the group analysis, although she was included in the clinical analysis. In the remaining 8 patients, the average treated hemorrhage size (either IVH or ICH) was reduced from 46.7 ml at the time of the postoperative stability scan to 23.4 ml at the end of 24 hours of treatment with ultrasound, rt-PA, and gravity drainage. The mean percentage volume reductions after 24 hours of treatment, as compared with pretreatment stability scans and as determined by CT, were 59 ± 5% (mean ± SEM) for ICH and 45.1 ± 13% for IVH.
Clinical improvements as signified by a decrease in the National Institutes of Health Stroke Scale score were demonstrated at 30 days in 7 of 9 patients (average 17.6 to 8.5; Table 1 ). There was 1 death by 30 days after admission in a patient (Case 4) who failed to improve clinically and whose support was withdrawn according to the wishes of his family. There were no intracranial infections, and there were no significant episodes of rebleeding according to clinical or CT assessment (defined by a > 5-ml increase in hemorrhage size).
The rate of hemorrhage lysis was compared between the 8 patients who completed treatment and the cohorts of patients treated for IVH and ICH using identical doses of rt-PA and catheter drainage without ultrasound (MISTIE [ICH lysis] and CLEAR [IVH lysis] studies, unpublished data). Marginal models were used to estimate the clearance rates for patients with IVH or ICH. An offset of 100% was used, and no constant was estimated since each patient was forced to have 100% relative to a stability (IVH) or postsurgery (ICH) scan. Robust standard errors were estimated given the small sample size.
The data were restricted to 2 days after postoperative CT scanning for the MISTIE (11 patients)/SLEUTH (5 patients) ICH patients and 2 days after the first treatment dose for the CLEAR (34 patients)/SLEUTH (3 patients) IVH patients. The relationship between time and hemorrhage clearance appeared to be linear in this time period, and it allowed the observation of hemorrhage clearance in SLEUTH patients 24 hours after the last rt-PA dose. Two CLEAR patients were excluded from analysis for lack of CT observations during the initial analysis time. There was a significant difference (p < 0.001) in the clearance rates between the MISTIE ICH patients randomized to the 0.3-mg dose (11 patients, -27.9%/day, 95% CI -34.6%, -21.1%) and the SLEUTH ICH patients (5 patients, -54.1%/day, 95% CI -62.2%, -46.1%. There was not a significant difference (p = 0.428) in the clearance rates between the CLEAR IVH patients receiving any dose of rt-PA (34 patients, -25.1%/day, 95% CI -29.9%, -20.4%) and the SLEUTH IVH patients (3 patients, -33.4%/day, 95% CI -53.2%, -13.5%). Data analyzed for these patients covered the following average number of days (± SD): from the first dose, CLEAR IVH 1.6 ± 0.2 and SLEUTH IVH 1.4 ± 0.5; from the postsurgery scan, MISTIE ICH 1.6 ± 0.3 and SLEUTH ICH 1.2 ± 0.4.
Discussion
Outcome following ICH is dependent on a number of factors including primary injury to surrounding brain caused by the hemorrhage, secondary hemorrhage due to shearing and disruption of the small vessels and secondary edema, brain shift, and the direct toxic effects of blood products, which may occur later in the course of events. 29, 30, 34, 71 It is also known that recovery can be very slow in part due to the slow resolution of untreated ICH, secondary medical complications, and the perception of poor prognosis, which can lead to the withdrawal of support for many patients. 8, 72 It has been shown that ICH size is a powerful determinant of outcome, 14 and therefore, the concept of a timely reduction in hemorrhage size with an attendant decrease in secondary edema, shift, and the late toxic effects of blood products is appealing. Early surgery for ICH evacuation has been an attractive concept; however, severe initial damage from the ICH, additional surgical trauma, and rebleeding are factors that can limit the ability of early evacuation to improve outcome. 43, 49, 64 Recent studies have identified a number of factors that can influence the outcome of spontaneous ICH, including unstable blood pressure, continued bleeding at the time of presentation, 7,37 rebleeding, 23 progressive edema 24 with shift, and herniation.
The results of well-controlled trials have not shown an overall benefit of surgery over medical management. Subgroup analysis of the STICH and other trials suggests that patients with more peripherally located hemorrhages may experience a greater benefit from surgical treatment than from medical management. 58 This finding has led to the initiation of STICH II, which will preselect patients who may be more likely to benefit from surgical treatment based on clinical factors and patients with more peripherally located hemorrhages and less central damage. 13, 44 Since the advent of stereotactic neurosurgical methods, a number of surgeons have devised strategies using minimally invasive, stereotactically directed devices or catheters that used an Archimedes screw design to morcelize and suction pieces of solid blood clot to facilitate evacuation. 5 Other investigators have described modifications of this device to promote active mechanical ICH removal via catheters. 28, 53 Auer et al. 4 performed a prospective randomized trial of minimally invasive endoscopic suction removal of spontaneous ICH compared with medical treatment in 100 patients and found an improved outcome in the surgically treated group. Stereotactic catheter placement and delivery of thrombolytic substances for liquefaction and drainage of intraparenchymal hemorrhage have also been reported in a number of case series. 6, 15, 39, 45, 48, 60, 65, 66, 69 Encouraging results of minimally invasive methods for ICH removal have led to recommendations by an ICH working group appointed by the National Institutes of Health, which support the further exploration and development of these methods. 52 The use of rt-PA to accelerate lysis and facilitate catheter drainage of IVH has also been documented in a number of case series. 27, 47, 51, 54, 59 The encouraging results have led to a multicenter trial to randomize 500 patients with primary IVH to either ventricular drainage alone or ventricular drainage together with IVH lysis using rt-PA. 58 The method of ICH removal detailed in the present report offers some distinct advantages over previously described approaches and was made possible based on the development of several new technologies: 1) a portable navigation system that can be used at the bedside, offering the potential for accurate device placement; 25 2) portable CT scanning, which promotes the advantage of placing and confirming the catheter position within the ICH and monitoring the treatment effect while minimizing patient transport; 19 and 3) microcatheters that can deliver ultrasound energy to a target site in the brain. The fact that resolution of the majority of the mass effect from the hematoma occurs gently over the first 24 hours of sonothrombolysis treatment without much surgical manipulation offers some practical and theoretical advantages over other methods. Mechanical thrombectomy has the Graph showing sequential ICH volume plots in the patients with parenchymal hemorrhages, expressed as the percentage reduction in hemorrhage volume relative to the stability scan obtained prior to the 24-hour treatment interval. Note that in the patient in Case 6, there is much less ICH clearance than in the remaining patients. The patient in Case 6 received the same rt-PA dose as the other patients; however, ultrasound was delivered for only 9 hours because the ultrasound catheter was fractured during patient transfer to the CT scanner for an interval control scan. disadvantage of being a slow procedure with the need for continued manipulation of the tip of the thrombectomy device and incomplete collapse of a hematoma into the thrombectomy site. An advantage of the lysis procedure used in our study lies in the fact that once the sonothrombolysis device is placed, the remainder of the procedure is relatively hands free, except for the rt-PA injections, because the ultrasound runs continuously. The rapidity of ICH removal using this method also has advantages over rt-PA injections alone, including a shorter treatment time, a reduced total dose of rt-PA, and a potentially shorter time that a drainage catheter remains in place.
Ultrasound for the acceleration of hemorrhage lysis has gained increasing attention given the promising clinical results of its direct delivery via microcatheters for intraarterial and intravenous use 16, 50, 55 and of its transcranial delivery for the lysis of intraarterial thrombus in acute stroke. [1] [2] [3] 20, 46 Laboratory studies on its influence on thrombolysis have revealed that it has a marked effect on increasing the speed of clot lysis in a frequency-and intensity-dependent fashion. [9] [10] [11] 17, 21, 22, 33, 56, 62, 63 Ultrasound's beneficial effect on increasing the speed and completeness of thrombolysis via rt-PA is not created by altering the speed of the chemical reaction causing thrombin breakdown. 10 Instead, ultrasound appears to increase the permeability of the formed clot to the rt-PA molecules, allowing the drug to penetrate to binding sites within the clot structure, facilitated by a phenomenon called "acoustic streaming," which is thought to mix thrombolytic substances within the structure of the thrombus. 21 A safety study in animals has indicated that tissues appear to tolerate prolonged high-frequency ultrasound exposure without evidence of damage to vascular structures. 61 Several limitations to our approach in treating ICH should be noted. We did not include patients whose condition was rapidly deteriorating from the early progression of ICH or mass effect and who were candidates for immediate surgical evacuation. We also excluded patients with continued expansion of the ICH from active bleeding until their condition stabilized, which limited the application of our method to a subset of patients with stabilized hemorrhages. It has been reported that a significant proportion of patients have active bleeding at the time of presentation to the hospital as documented on contrastenhanced CT. 7, 18, 35, 36, 40, 41 Efforts to address this issue have included the treatment of coagulation disorders and the investigation of treatment with systemic recombinant factor VII for ICH; however, a larger prospective randomized trial did not reveal an overall benefit in survival after ICH in patients treated with factor VII versus placebo, despite the fact that expansion of the ICH was reduced by treatment overall. 40 There is some indication that patients with active bleeding at the time of presentation may constitute a subgroup with an increased chance of benefitting from treatment with factor VII. 42 Therefore, our patients were in a selected group that became stable but had the potential to progress to a poor outcome due to secondary deterioration from edema and secondary injury as well as from medical complications, which are frequent occurrences in patients with ICH volumes > 25 ml.
We included patients who had IVHs since they might also greatly benefit from the rapid removal of hemorrhage from the ventricle. 51 Lysis and clearance of the hemorrhage in the lateral ventricle by using ultrasound and rt-PA allowed for the control of CSF drainage in 2 of our patients as well as clearance of the blood clots in the third and fourth ventricles within 24 hours. One of our patients had IVH primarily in the right trigone and temporal horn and a smaller amount of IVH in the lateral ventricle. Clearance of the IVH was not as complete in this patient because of the initial use of only one catheter and the extensive nature of the hemorrhage.
This initial safety study has demonstrated that the direct delivery of ultrasound and thrombolytic substances into ICH or IVH for lysis and drainage appears to be well tolerated and results in a markedly increased rate of clot resolution, as compared with the natural history of clot absorption or as compared with the delivery of rt-PA in the same dose schedule and catheter drainage without ultrasound (D. Hanley and CLEAR and MISTIE studies, unpublished data). It should be noted, however, that the comparison of our results with those of the CLEAR and MISTIE studies was not controlled for factors that might influence the lysis rates including the size of the hemor- rhage and the location of the catheter. Moreover, the patients in the CLEAR and MISTIE groups were from multicenter studies and were retrospectively compared with our patients. We also acknowledge that we had a small number of patients in each category, which makes direct comparisons problematic.
Conclusions
Additional trials with a redesigned catheter are needed to confirm our results in a larger population and to study the effect of minimally invasive accelerated clot removal using sonothrombolysis to improve outcomes in patients with ICH and IVH. 
